). Whereas these five residues were quantitatively modified, Arg 303 was asymmetrically dimethylated in <33% of hnRNP K and Arg 287 was monomethylated in <10% of the protein. All other arginine residues were unmethylated. Protein-arginine methyltransferase 1 was identified as the only enzyme methylating hnRNP K in vitro and in vivo. An hnRNP K variant in which the five quantitatively modified arginine residues had been substituted was not methylated. Methylation of arginine residues by protein-arginine methyltransferase 1 did not influence the RNAbinding activity, the translation inhibitory function, or the cellular localization of hnRNP K but reduced the interaction of hnRNP K with the tyrosine kinase c-Src. This led to an inhibition of c-Src activation and hnRNP K phosphorylation. These findings support the role of arginine methylation in the regulation of protein-protein interactions.
Arginine dimethylation is a common post-translational modification in eukaryotes (1) (2) (3) (4) (5) . The enzymes responsible for this modification are the protein-arginine methyltransferases (PRMTs). 3 They are classified in two groups (2) . Type I enzymes promote the formation of asymmetric N G ,N G -dimethylated arginine. The known mammalian type I enzymes are PRMT1, PRMT2, PRMT3, PRMT4/coactivator-associated arginine methyltransferase 1, PRMT6, and the recently discovered brain-specific PRMT8 (6 -11) . Type II enzymes catalyze the symmetric N G ,NЈ G -dimethylation of arginine residues. PRMT5 and PRMT7 are the mammalian type II enzymes described so far (12) (13) (14) . PRMT1, which is predominantly localized to the cytoplasm (15) , is thought to account for the generation of ϳ85% of asymmetric dimethylarginine residues (16) and is required for early post-implantation development in mice but not for the viability of embryonic stem cells (17) . Arginine methylation affects several cellular processes, including histone function and transcriptional regulation (18 -22) , RNA processing (23) (24) (25) , signal transduction (26 -29) , and intracellular localization of proteins (30 -35) .
Many proteins involved in RNA metabolism like hnRNP A1 (36), hnRNP A2 (37), Sam68 (38) , and SAF-A (hnRNP U) (39) contain regions with clustered arginine residues in Arg-Gly-Gly motifs (RGG box) or RG repeats. These arginine residues are typically asymmetrically dimethylated. In addition, asymmetric arginine dimethylation has also been found in clustered RXR motifs (40) and other sequences. Therefore, the prediction of a methylated arginine is difficult. Furthermore, the enzyme responsible for the dimethylation of a particular protein is unknown in many cases, and the substrate specificities of the different methyltransferases remain poorly characterized. The exact knowledge of the methylated arginine residues and their quantitative distribution as well as the identification of the relevant methyltransferases is a prerequisite for the functional analysis of arginine methylation.
HnRNP K belongs to the family of heterogeneous nuclear RNPs that participate in the processing of pre-mRNAs and in the export of mRNAs from the nucleus. An N-terminal bipartite nuclear-localization signal and an hnRNP K-specific nuclear shuttling signal confer the capacity for bi-directional transport across the nuclear envelop (41, 42) . The cytoplasmic accumulation of hnRNP K is mediated by its Erk-dependent serine phosphorylation (43) . In the cytoplasm hnRNP K functions in the post-transcriptional regulation of gene expression.
For example, hnRNP K, together with hnRNP E1 and hnRNP E2, regulates human papilloma virus type 16 L2 capsid protein synthesis in the course of cellular differentiation by binding to the L2 mRNA 3Ј-untranslated region (44) . Binding of hnRNP K, hnRNP E1, and hnRNP E2 to the internal ribosome entry site of the c-myc mRNA enhances the translation of the c-myc proto-oncogene (45) . Furthermore, hnRNP K is involved in the regulation of reticulocyte 15-lipoxygenase (r15-LOX) mRNA translation. r15-LOX, a key enzyme in erythroid cell differentiation, participates in the breakdown of mitochondria in mature reticulocytes, which is a prerequisite for erythrocyte forma-tion. Its premature expression in erythroid precursor cells is temporally restricted by translational silencing, mediated by hnRNP K and hnRNP E1 binding, individually or together, to the differentiation control element (DICE) in the r15-LOX mRNA 3Ј-untranslated region. The hnRNP K/E1-DICE complex blocks 80 S ribosome assembly (46, 47) . The silencing mechanism can be recapitulated in vitro in rabbit reticulocyte lysate or wheat germ extract and in transfected HeLa cells (46, 47) .
Interestingly, hnRNP K has been found to bind and to activate the tyrosine kinase c-Src specifically. Activated c-Src, in turn, phosphorylates hnRNP K, which leads to an inhibition of its DICE-binding activity and abolishes inhibition of mRNA translation by hnRNP K. In contrast, hnRNP E1 is neither an activator nor a substrate of c-Src (48) . HnRNP K contains three proline-rich domains, allowing an interaction with the Src homology domain 3 (SH3) of c-Src (49 -51) . In addition, hnRNP K bears five clustered Arg-Gly-Gly (RGG) motifs within the proline-rich domains (52) . HnRNP K, like other hnRNP proteins, is methylated in HeLa cells and lymphoblastoid cells (53, 54) , but neither the methylation sites nor the specific methyltransferase or the functional significance of arginine methylation are known.
In this report, we have identified the methylated arginine residues in hnRNP K by mass spectrometry and Edman sequencing and quantitatively determined the methylation state. We provide biochemical and genetic evidence that PRMT1 is the only methyltransferase that methylates hnRNP K in vitro and in vivo. An hnRNP K variant in which all completely modified arginines were substituted is neither methylated by recombinant PRMT1 nor in HeLa cells. Methylation of arginine residues in hnRNP K did not influence its DICE-binding activity, its translation inhibitory function, or its cellular localization, but reduced its interaction with c-Src. This led to an inhibition of hnRNP K-dependent c-Src activation and a reduced hnRNP K phosphorylation.
EXPERIMENTAL PROCEDURES
Plasmids-pET16b-hnRNP K and pET16b-hnRNP E1 have been described in Ref. 46 and pSG5 His-hnRNP K and pSGT c-Src in Ref. 48 . Arginine to glycine mutants (hnRNP K 5RG) were generated by sitedirected mutagenesis (Stratagene). GFP-hnRNP K or -hnRNP K 5RG were generated using the plasmid pEGFP-C1 (Clontech). His 6 -PABPN1 and His 6 -PABPN1⌬C49 are described in Ref. 55 .
The plasmids coding for GST-PRMT1 and pCDNA-PRMT1 (38) were a kind gift from Stéphane Richard, McGill University, Montreal, Canada. The plasmid pET28b-PRMT1 (56) was a kind gift from X. Cheng, Emory University, Atlanta, GA. Plasmids encoding GST-GAR (2) and GST-PRMT2 were a kind gift from Mark T. Bedford, University of Texas, Smithville, TX. Primers used to PCR-amplify the human PRMT3 cDNA, cloned into SalI/NotI of pGEX 5X1 (Amersham Biosciences) are listed in the supplemental materials. The full-length human cDNAs encoding PRMT4, PRMT5, and PRMT6 were PCR-amplified (primers in the supplement) and inserted into pGEX-6P-1 (Amersham Biosciences). pET28a-PRMT3 was generated by PCR and subcloned into pET28a. The leukemia inhibitory factor (LIF) was expressed as GST-LIF from the plasmid pGEX-2T-LIF (57), a kind gift from John K. Heath, University of Birmingham, UK.
Recombinant Proteins-His-hnRNP K, His-hnRNP K 5RG, and HishnRNP E1 were prepared as described (46) except that the proteins were dialyzed against 100 mM potassium acetate, 20 mM Hepes, pH 7.4, 5% glycerol, 1 mM EDTA, 1 mM dithiothreitol, 7 mM ␤-mercaptoethanol. Expression and purification of recombinant His-PABPN1 and His-PABPN1⌬C49 was described in Ref. 55 . His-PABPN1 was further purified by Mono-S fast protein liquid chromatography (Amersham Biosciences). His-PRMT1 and His-PRMT3 were prepared as described for His-hnRNP E1 (46) . GST fusion proteins were expressed and purified as described for the pGEX system (Amersham Biosciences). GST-GAR and GST-PRMT1, His-PRMT1 and His-PRMT3 used in the in vitro methylation assay were dialyzed against 150 mM potassium acetate, 20 mM Hepes, pH 7.4, 5% glycerol, 1 mM EDTA, 1 mM dithiothreitol. Protein concentrations were determined by the Bradford assay, SDS-PAGE, and Coomassie staining using bovine serum albumin as a standard. GST-LIF was expressed as described in a previous study (57) . SWISSPROT accession numbers for the expressed PRMTs are: PRMT1: Q63009; PRMT2: P55345; PRMT3: O60678; PRMT4: Q9NR22; and PRMT6: Q96LA8.
Antibodies-Anti-PRMT1 antibody was a kind gift from Stéphane Richard, McGill University, Montreal, Canada. PRMT2, PRMT4, and PRMT6 antibodies were raised against GST-tagged proteins. PRMT3 and PRMT5 antibodies were generated against GST-tagged proteins and affinity-purified using the respective His-tagged proteins immobilized on CnBr-activated Sepharose beads (Amersham Biosciences).
Immunopurification and Identification of hnRNP K-HnRNP K was precipitated from 1.7 mg of cytosolic HeLa cell extract prepared according to a previous study (58) (a kind gift from Reinhard Lührmann, Max Planck Institute, Göttingen, Germany) with 50 g of a polyclonal hnRNP K antibody (Matritech R20475) using 200 l of protein-A Sepharose CL-4B (Amersham Biosciences). Precipitated protein was eluted from affinity beads with a small volume of formic acid at 4°C. The solution was diluted to 5% formic acid, and hnRNP K was purified by HPLC on a Nucleosil 500-5 C3-PPN column (150 ϫ 2 mm, MachereyNagel) equilibrated with 0.09% trifluoroacetic acid and eluted by a 30 -60% solvent B (0.08% TFA in acetonitrile) gradient over 28 min with a flow rate of 0.2 ml/min at 40°C. HnRNP K was identified in column fractions by SDS-PAGE and Western blot analysis as well as peptide mass fingerprinting by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry (MS) following digestion with proteinase Lys-C. An aliquot was submitted to N-terminal Edman degradation.
Purification of hnRNP K from HeLa Cell Extract-Cytosolic HeLa cell extract (58) was centrifuged for 30 min at 20,000 ϫ g, and the supernatant was loaded onto a DEAE-Sepharose column (10 mg of protein per ml column volume) equilibrated in 50 mM Tris, pH 7.4, 50 mM KCl, 1 mM EDTA, 0.5 mM dithiothreitol, 10% glycerol (buffer A). Proteins were eluted by a gradient of 50 mM to 500 mM KCl in buffer A (10 column volumes). Fractions were assayed for PRMT activity as described below with 500 ng of recombinant hnRNP K as a substrate. Fractions containing hnRNP K were pooled, dialyzed against buffer B (50 mM Hepes, pH 7.4, 50 mM KCl, 1 mM EDTA, 0.5 mM dithiothreitol, 10% glycerol), and applied to a Macroprep-S column (7 mg of protein per ml column volume). The column was washed with one volume of buffer B, and proteins were eluted by a gradient of 50 mM to 500 mM KCl in buffer B (10 column volumes). Fractions containing hnRNP K were pooled, dialyzed against buffer B, and applied to a Heparin-Sepharose column (2 mg of protein per ml column volume). The column was washed with 2.5 volumes of buffer B, and proteins were eluted by a gradient of 50 mM to 1 M KCl in buffer B (10 column volumes). Fractions containing hnRNP K were further purified by reversed-phase HPLC as above. The protein in HPLC fractions was dried under a nitrogen stream, alkylated with vinylpyridine as described (59) , and desalted by HPLC. An aliquot was used for MALDI-TOF MS and electrospray ionization (ESI) mass spectrometry.
In Vitro Methylation Assay-Reaction mixture (25 l volume): 1 nmol of [S- 14 C]adenosylmethionine (60 mCi/mmol, Amersham Biosciences), 50 mM Hepes, pH 8.0, 40 mM potassium acetate, 0.2 mg/ml bovine serum albumin, 0.01% Nonidet P-40, 10% glycerol, 1 mM EDTA, 0.5 mM dithiothreitol, and protein as indicated, incubated at 30°C for 2 h. After incubation the reaction was split: 11 l were added to 500 l of bovine serum albumin (50 g/ml), followed by the addition of 500 l of 20% trichloroacetic acid. The mixture was incubated for 30 min on ice and filtered through Glass Microfibre Filters GF/C (Whatman). Filters were washed with 4 ml of ice-cold trichloroacetic acid (10%) and 4 ml of ice-cold ethanol (96%), air dried, and added to 3 ml of scintillation mix (Lumasafe Plus). Precipitated radioactivity was measured in a Liquid Scintillation Analyzer (Tri-Carb 2100PR, Packard). The remaining volume was subjected to SDS-PAGE and autoradiography.
In Vitro Transcription and Northwestern Analysis-In vitro transcription and Northwestern blot assays were carried out as described previously (48) .
ES Cell Culture-ES(ϩ/ϩ) and ES(Ϫ/Ϫ) cells (17) obtained from Earl H. Ruley, Vanderbilt University, Nashville, TN, were cultured on 0.2% gelatinized cell culture plates in Dulbecco's modified Eagle's medium supplemented with fetal bovine serum, L-glutamine, nonessential amino acids, penicillin/streptomycin (all Invitrogen), and 0.5 ng/ml GST-LIF. For the in vitro methylation assay, 1 ϫ 10 6 cells were lysed in 0.5 ml of lysis buffer (300 mM NaCl, 1% Triton, 50 mM Tris, pH 7.4, 10 g/ml leupeptin, and 0.1 mM phenylmethylsulfonyl fluoride) and centrifuged for 5 min at 20,800 ϫ g to obtain a cytoplasmic extract. Metabolic labeling of ES(ϩ/ϩ) and ES(Ϫ/Ϫ) cells was performed in methionine-free Dulbecco's modified Eagle's medium supplemented with 10 Ci L-[methyl-
3 H]methionine (70 -85 Ci/mmol, Amersham Biosciences) per ml for 3 h in the presence of cycloheximide and chloramphenicol as described previously (53) . Cells were lysed as above. For immunoprecipitation, anti-hnRNP K antibody (Matritech R20475) was used. Precipitated 3 H-labeled proteins were subjected to SDS-PAGE and fluorography.
HeLa Cell Transfection and Analysis-HeLa cells were transiently transfected by the calcium phosphate method (60) . For the experiment shown in Fig. 7B , 5 g of GFP-hnRNP K or GFP-hnRNP K 5RG was cotransfected with 5 g of pcDNA or PRMT1. For the experiments shown in Fig. 8 , 5 g of cDNAs coding for pSG5 His-hnRNP K or His-hnRNP K 5RG was cotransfected with 5 g of pSGT-cSrc or pcDNA PRMT1 or empty vector (pSGT or pcDNA, respectively) as indicated. HeLa cell lysate preparation and immunoprecipitation was performed as described (48) with an anti-His antibody (H5, Qiagen). Antibodies against His and p-Tyr (Santa Cruz Biotechnology), c-Src (Abcam), and PRMT1 were used (Fig. 8) .
Immunofluorescence-For single or double immunofluorescence, cells were essentially processed as described (61) . An E600 (Nikon) microscope equipped with a digital camera (Hamamatsu) was used for conventional fluorescence microscopy. Images were acquired by Lucia software (Nikon) and compiled with Adobe Photoshop.
Enzymatic Digestion of hnRNP K-Sequencing grade proteases were obtained from Roche Applied Science. Lys-C digestion of alkylated hnRNP K was performed in 50 l of 25 mM Tris-HCl, pH 8.5, with a Lys-C to hnRNP K ratio of 1:200 (w/w) overnight at 37°C. The digest was separated by HPLC as above with a 0 -40% solvent B gradient over 60 min followed by a 40 -60% solvent B gradient over 20 min and a flow rate of 0.2 ml/min at 40°C. Fractions were dried under a nitrogen stream and analyzed by MALDI-TOF MS or ESI MS. Fragments are labeled Lys-C1-23 in the order of theoretical cleavage sites (Table 1) . Secondary tryptic digestion was carried out on Lys-C17 in 25 mM NH 4 HCO 3 , pH 8.5, with a trypsin to peptide ratio of 1:20 (w/w) overnight at 37°C. An aliquot of the complete digest was analyzed directly by MALDI-TOF MS. The remaining digest was separated by HPLC like the Lys-C digest above. Early eluting fractions (retention time, Ͻ16 min) were combined, dried under a stream of nitrogen, and rechromatographed on a Nucleosil 500-5 C18-PPN column (150 ϫ 2 mm, Macherey-Nagel) using parameters as above. Peptide-containing fractions were analyzed by MALDI or ESI MS. Tryptic fragments are labeled Tryp1-21 in the order of theoretical cleavage sites in the unmodified sequence of Lys-C17 (Table 1) . Missed cleavages are assigned by a '/' symbol between numbers. Carboxypeptidase B type I diisopropyl fluorophosphate was purchased as a frozen solution from Sigma. 1 l of sample was incubated with 0.4 l of a 1:1000 dilution (50 mM NH 4 HCO 3 buffer) of the carboxypeptidase B stock solution for 1 h at room temperature.
Mass Spectrometry-Peptide and protein masses were determined with a Q-TOF 2 mass spectrometer (Waters) with an electrospray source or an Ultraflex-II TOF-TOF mass spectrometer (Bruker Daltonic) with MALDI source. The Q-TOF 2 was equipped with a modified nano-ESI source to hold a pico-tip (New Objective). Samples were injected with a syringe pump (Harvard Apparatus) with a flow rate of 300 nl/min. The collision energy for MS/MS experiments varied between 25 and 35 eV. The MaxEnt (62, 63) .
Amino Acid Sequencing-Edman degradation was performed with an Applied Biosystems Procise cLC sequencer. Monomethylated and symmetrically or asymmetrically dimethylated arginine were applied directly to the sequencing filter, and after one cycle of sequencing the phenylthiohydantoin derivatives served as standards in the HPLC detection system.
RESULTS

Location of Modified Arginine Residues in hnRNP K Purified from
HeLa Cell Extract-Arginine methylation of hnRNP K has been reported earlier (53, 54) . To map the methylated arginines in hnRNP K, we first used hnRNP K immunopurified from HeLa cells for an initial analysis to verify the protein identity by mass spectrometry and to establish HPLC purification conditions. Next, we purified the protein from cytoplasmic HeLa cell extract by DEAE-Sepharose, Macroprep-S, and heparinSepharose chromatographies and reversed-phase HPLC. The protein was then alkylated with vinylpyridine and digested with proteinase Lys-C. The peptides generated were separated by reversed-phase HPLC and subsequently analyzed by sequencing and MALDI-TOF MS or ESI MS. Lys-C fragments that could be assigned to the hnRNP K sequence were labeled Lys-C1-23 in the order of theoretical cleavage sites. The masses of the isolated peptides were compared with the masses predicted from the cDNA sequence. All peptides with a predicted mass above 750 Da could be identified (Table 1) . Of the 23 Lys-C fragments only Lys-C17 contained methylated arginine residues. The masses of all other peptides, whether they contained arginine residues or not, corresponded closely to those predicted for unmodified peptides (Table 1 and supplementary information). The only exception was the N-terminal Lys-C17 contained 23 of the 36 arginine residues in hnRNP K. This peptide was digested with trypsin. The digestion products were separated by reversed-phase HPLC and subsequently analyzed by sequencing and MALDI-TOF MS or ESI MS. Tryptic fragments were labeled Tryp1-21 in the order of theoretical cleavage sites within the fragment Lys-C17 (Table 1; for details see supplementary information). Only peptides Tryp1 (Gly 220 -Arg 221 ) and Tryp9 (Arg 278 ) were not detected. Because the flanking fragments Tryp2 and Tryp10 were found and trypsin in our hands only cleaves unmodified Arg-X bonds, we concluded that Arg 221 and Arg 278 were not modified. This was consistent with our data using an hnRNP K arginine substitution variant (see below). The arginine residues at position 256, 258, 268, 296, and 299 were quantitatively asymmetrically dimethylated. In addition, Arg 303 was asymmetrically dimethylated in less than 33% of hnRNP K, and Arg 287 was monomethylated in Ͻ10% of the protein (for details see supplementary information). All other arginine residues were unmethylated. In summary, the methylations demonstrated in the tryptic digest of Lys-C17 almost perfectly explained the observed mass of this fragment. Of all the arginine residues present in hnRNP K only Arg 409 escaped our analysis. However, the lack of arginine methylation of an hnRNP K variant in which the identified five quantitatively asymmetrically dimethylated arginine residues (arginines 256, 258, 268, 296, and 299) were substituted by glycine (hnRNP K 5RG) (see data below), makes Arg 409 an unlikely target of arginine methyltransferases. ESI MS measurements of the complete alkylated hnRNP K were obscured by the tendency of the protein to form adducts, as also observed with the fragment Lys-C17. However, the smallest detectable mass was 51682.0 Da. This is in good agreement with the calculated value of 51683.9 Da for hnRNP K containing five dimethylarginine residues, as detected in the peptide analysis (Fig. 1) .
HnRNP K Can Be Methylated in Vitro-To identify the relevant PRMT(s), we developed an in vitro methylation system: cytoplasmic HeLa cell extract was incubated with recombinant hnRNP K, which is not methylated in Escherichia coli (Fig. 2A, lane 3 
). S-[
14 C]Adenosylmethionine was used as the methyl donor, and PABPN1, which carries thirteen asymmetrically dimethylated arginines in the C terminus, as a positive control (40) (Fig. 2A, lane 1) . A deletion mutant lacking the C-terminal 49 amino acids (PABPN1⌬C49), the hnRNP K substitution variant hnRNP K 5RG and hnRNP E1, which does not contain RGG boxes, were used as negative controls ( Fig. 2A, lanes 2, 4, and 5) . One part of the reaction was used for trichloroacetic acid precipitation and scintillation counting; the second part was analyzed by SDS-PAGE (Fig.  2B) . Both PABPN1 and hnRNP K were methylated in HeLa cell extract (Fig. 2B, lanes 1 and 3) , whereas PABPN1⌬C49, hnRNP K 5RG, and hnRNP E1 were not methylated (Fig. 2B, lanes 2, 4, and 5) . Methylated bands appearing at 40 kDa when hnRNP K served as a substrate were identified by mass spectrometry as C-terminally truncated hnRNP K fragments, still containing the methylation sites. hnRNP K was also methylated in rabbit reticulocyte lysate, whereas hnRNP K 5RG was not (data not shown).
Identification of the Relevant PRMTs-Cytoplasmic HeLa cell extract was fractionated by DEAE-Sepharose. Each fraction was tested for methylation activity by the addition of recombinant hnRNP K as a substrate and S- [ 14 C]adenosylmethionine as a methyl donor. The distribution of type I PRMTs was analyzed in Western blot assays using antibodies against PRMT1, -2, -3, -4, and -6 (Fig. 3) . Brain-specific PRMT8 (11) was not tested. The purification revealed a major hnRNP K methylation activity peak (Fig. 3A, fractions 10 -16 ), which corresponded to PRMT1, but also contained PRMT3. The trailing end of methylation activity (fractions 20 -23) coincided with a second peak of PRMT1 ( 3B). PRMT2 and -4 were detected in the flow-through, which did not show hnRNP K methylation activity (data not shown). PRMT6 was eluted in fractions [15] [16] [17] [18] [19] (Fig. 3B) . The experiment suggested that PRMT1, PRMT3, and PRMT6 might contribute to the methylation of hnRNP K and that PRMT2 and PRMT4 do not.
PRMT1 and PRMT3 were expressed as His tag fusion proteins and analyzed for methylation activity in vitro (Fig. 4) . PABPN1, which is methylated by PRMT1 and PRMT3 in vitro served as a positive control (40) . HnRNP K was methylated by PRMT1 (Fig. 4A, lanes 4 -8) but not by PRMT3 (below 2% of the signal for hnRNP K methylated by PRMT1, lanes 10 -14) , whereas both enzymes showed PABPN1 methylation activity (Fig. 4B, lanes 4 -8 and 10 -14 ; methylation efficiency of PRMT3 was 25% of that of PRMT1). In addition, GST-PRMT6 was tested for methylation of hnRNP K and the artificial substrate GST-GAR (10). GST-GAR, but not hnRNP K was methylated by PRMT6 (data not shown). These data strongly indicate that the recombinant enzymes display substrate specificity. We conclude that hnRNP K is specifically methylated by PRMT1 in vitro.
Characterization of PRMT1 in Vitro-As estimated by Western blot assay, 44 g of cytoplasmic HeLa cell protein contained ϳ100 ng (ϭ2.3 pmol) of PRMT1 (data not shown) and had a methylation activity of 16.25 pmol/2 h under standard reaction conditions. With 2.3 pmol of His-tagged recombinant PRMT1, a methyl incorporation of 42 pmol/ 2 h was detected (Fig. 4C) . Because the methylation activity of His-PRMT1 was in excess compared with the incorporation observed by the equivalent amount of HeLa cell extract, it is unlikely that PRMT1 activity depends on additional cellular factors.
Interestingly, when we compared the methylation activity of His-PRMT1 and GST-PRMT1 in titration experiments in the presence of 9 pmol of hnRNP K, we found a 35-fold higher activity at low concentrations of His-PRMT1 compared with GST-PRMT1, indicating that the GST tag disturbs the methyltransferase activity (Fig. 4C) . PRMT1 Methylates hnRNP K in Vivo-To provide a definitive proof for the specific methylation of hnRNP K by PRMT1, ES cells carrying a homozygous prmt1 gene null mutation (ES(Ϫ/Ϫ) cells) were used (17) . In Western blot assays no PRMT1 was detected in ES(Ϫ/Ϫ) cells, whereas hnRNP K was present in both ES(ϩ/ϩ) and ES(Ϫ/Ϫ) cells (Fig. 5A, lanes 1  and 2) . Recombinant hnRNP K was methylated in HeLa and ES(ϩ/ϩ) cell extract but not in ES(Ϫ/Ϫ) cell extract (Fig. 5B, lanes 1-6) . Complementation of ES(Ϫ/Ϫ) cell extract with increasing amounts of His-PRMT1 resulted in the methylation of both added recombinant hnRNP K and endogenous hnRNP K, which was identified by immunoprecipitation, and other cellular proteins (Fig. 5B, lanes 7-12 and supplementary information  Fig. S1 ). Efficient methylation of endogenous hnRNP K in ES(Ϫ/Ϫ) cell extracts after the addition of PRMT1 suggests that it was unmethylated and, therefore, that PRMT1 is responsible for its methylation in vivo. PRMT3 could not complement extracts from ES(Ϫ/Ϫ) cells (Fig. 5B, lanes 13-18) , again demonstrating substrate specificity.
The role of PRMT1 in hnRNP K methylation in vivo was analyzed by metabolic labeling of ES(ϩ/ϩ) and ES(Ϫ/Ϫ) cells using L-[methyl-3 H]methionine in the presence of the translation inhibitors cycloheximide and chloramphenicol (Fig. 5C ). Labeling was followed by cell lysis and immunoprecipitation of endogenous hnRNP K (Fig. 5C, lanes 2 and  5) . Endogenous hnRNP K was immunoprecipitated from both ES(ϩ/ϩ) and ES(Ϫ/Ϫ) cells (Fig. 5C, lanes 2 and 5) , but it was methylated only in ES(ϩ/ϩ) and not in (Ϫ/Ϫ) cells (Fig. 5C, lanes 2 and 5) . Coprecipitation of endogenous PRMT1 was detected in ES(ϩ/ϩ), but not (Ϫ/Ϫ) cells, whereas PRMT3, present in both ES(ϩ/ϩ) and ES(Ϫ/Ϫ) cells, was not copurified with hnRNP K (Fig. 5C, lanes 2 and 5) . Other methyltrans- ferases are still present in ES(Ϫ/Ϫ) cells: methylation activity was detectable (Fig. 5C, lane 4) and PRMT3 (Fig. 5C, lane 4) and PRMT6 (data not shown) were detected by Western blot assays. The background of the immunoprecipitation was reproducibly increased in the ES(Ϫ/Ϫ) cell lysate in a nonspecific, antibody-independent manner (see "Discussion"). Nevertheless, there was no discernible band of hnRNP K in the immunoprecipitation and no significant difference between the hnRNP K antiserum and the pre-immune serum (Fig. 5C, lanes 5 and 6) . Taken together, the results show that PRMT1 is the only methyltransferase acting on hnRNP K.
Methylation of hnRNP K Does Not Influence Its DICE-binding Activity-To examine whether PRMT1-dependent arginine methylation of hnRNP K affects its DICE-binding activity, recombinant hnRNP K or hnRNP K 5RG were incubated with His-PRMT1 or buffer. Complete methylation was detected for hnRNP K (90 pmol of methyl-14 C incorporation in 9 pmol of hnRNP K), whereas hnRNP K 5RG was not methylated (Ͻ2.4 pmol of methyl-14 C incorporation in 9 pmol of hnRNP K 5RG) (Fig. 6A, upper panel, lanes 1-4) . Importantly, in a Northwestern blot with radioactively labeled DICE, non-methylated or completely methylated hnRNP K showed no difference in DICE binding activity, and the same DICE-binding activity was observed with hnRNP K 5RG (Fig. 6A, lower panel, lanes 1-4) . To test whether endogenous hnRNP K behaves the same, hnRNP K was immunoprecipitated from ES(ϩ/ϩ) and ES(Ϫ/Ϫ) cells with an anti-hnRNP K antibody (Fig. 6B,  upper panel, lanes 1-6) . Again, the methylated and the non-methylated endogenous hnRNP K showed similar DICE-binding activity (Fig. 6B,  lower panel, lanes 1-6) . From these experiments we conclude that arginine methylation of hnRNP K does not influence its DICE-binding -14) , respectively. No hnRNP K (A) or PABPN1 (B) were added in lanes 1, 3, and 9. Reaction products were resolved on a 12% SDS-PAGE followed by autoradiography. C, 9 pmol of recombinant hnRNP K was incubated with increasing amounts (0.27 fmol to 42 pmol) of GST-or His-PRMT1 and 1 nmol of [ 14 C]SAM under standard conditions. The reaction was analyzed by trichloroacetic acid precipitation and scintillation measurement.
activity. This is consistent with the result of our previous experiments showing that equal amounts of recombinant hnRNP K and protein from methylation active reticulocyte lysate, both purified by RNA affinity chromatography, had a similar translation inhibitory activity (46) .
Methylation of hnRNP K Does Not Influence Its Cellular LocalizationNext we examined whether arginine methylation affects the cellular distribution of hnRNP K in ES cells. To determine the localization of hnRNP K in ES(ϩ/ϩ) and ES(Ϫ/Ϫ) cells, immunofluorescence with an anti-hnRNP K antibody was employed (Fig. 7A) . In both, ES(ϩ/ϩ) and ES(Ϫ/Ϫ) cells, hnRNP K was clearly localized to the nucleus. In HeLa cells cotransfected with plasmids coding for GFP-hnRNP K or GFP-hnRNP K 5RG, with or without PRMT1, hnRNP K and hnRNP K 5RG were also localized to the nucleus independently of the presence of PRMT1 (Fig. 7B) . This indicates that arginine methylation has no effect on the steady-state localization of hnRNP K.
Methylation of hnRNP K Reduces Its Ability to Activate c-Src in HeLa Cells-
The following experiment was carried out to determine if arginine methylation of hnRNP K affects its interaction with c-Src. HeLa cells were cotransfected with plasmids coding for His-hnRNP K or HishnRNP K 5RG, c-Src, and PRMT1. Protein expression was monitored by Western blot assays of total lysate using antibodies against the Histag (His), PRMT1, c-Src, and glyceraldehyde-3-phosphate dehydrogenase as a loading control. Phosphorylation was detected with a phosphotyrosine-specific antibody (p-Tyr) (Fig. 8, A and B) . As shown before (48) , when His-hnRNP K was cotransfected with c-Src, the phosphorylation of cellular proteins was significantly increased, indicating that hnRNP K activates c-Src (Fig. 8 A, lanes 1 and 3) . When His-hnRNP K was cotransfected with c-Src and PRMT1, tyrosine phosphorylation of cellular proteins was strongly reduced compared with His-hnRNP K cotransfected with c-Src in the absence of PRMT1 (Fig. 8A, lanes 3 and  5) . These data indicate that hnRNP K-dependent activation of c-Src was impaired significantly in the presence of PRMT1. In contrast, when His-hnRNP K 5RG was cotransfected with either c-Src alone or c-Src and PRMT1, no difference in the phosphorylation of cellular proteins could be detected; i.e. c-Src was equally active (Fig. 8B, lanes 3 and 5) . Because hnRNP K 5RG cannot be methylated (see Figs. 2 and 6A) , the inhibitory activity of PRMT1 on hnRNP K-dependent c-Src activation is due to hnRNP K methylation. To test whether the interaction between hnRNP K and c-Src is affected in the presence of PRMT1, His-hnRNP K, or His-hnRNP K 5RG were immunoprecipitated with an anti His-antibody, followed by Western blot assays (Fig. 8, A and  B) . When His-hnRNP K and c-Src were cotransfected, hnRNP K interacted with c-Src and became tyrosine-phosphorylated (Fig. 8A,  lane 2) . Cotransfection of hnRNP K with c-Src and PRMT1 resulted 2) . B, in vitro methylation assay using cytoplasmic HeLa cell extract (lanes 1 and 2) , ES(ϩ/ϩ) cell extract ( lanes 3 and 4) , or ES(Ϫ/Ϫ) cell extract (lanes [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] in the presence of [
14 C]SAM. Recombinant hnRNP K (9 pmol) was added as indicated. Increasing amounts (1.4 -23 pmol) of His-PRMT1 (lanes 7-12) or His-PRMT3 (lanes 13-18) , respectively, were added to the reactions in ES(Ϫ/Ϫ) cell extract (lanes 7-18). Proteins were resolved on a 12% SDS-PAGE, and methylation was detected by autoradiography. C, in vivo methylation reactions in ES(ϩ/ϩ) or (Ϫ/Ϫ) cells were performed for 3 h in the presence of L-[methyl-
3 H]methionine, cycloheximide, and chloramphenicol. Following cell lysis, endogenous hnRNP K was immunoprecipitated using a specific antibody (lanes 2 and 5) or preimmune serum (lanes 3 and 6). Cytoplasmic extract (lanes 1 and 4) or the precipitation products from ES(ϩ/ϩ) (lanes 2 and 3) or ES(Ϫ/Ϫ) cells (lanes 5 and 6) were resolved on a 12% SDS-PAGE and analyzed by Western blotting using antibodies against hnRNP K, PRMT1, and PRMT3 or fluorography.
in a reduced interaction of hnRNP K with c-Src, and tyrosine phosphorylation of hnRNP K was strongly diminished (Fig. 8A, lane 4) . No differences could be detected when His-hnRNP K 5RG was cotransfected with either c-Src alone or c-Src and PRMT1 (Fig. 8B,  lanes 2 and 4) . This suggests that arginine methylation of hnRNP K diminishes the activation of c-Src by hnRNP K, which, in turn, leads to a reduced tyrosine phosphorylation of hnRNP K.
DISCUSSION
In hnRNP K purified from cytoplasmic HeLa cell extract 5 of the 36 arginine residues were identified as 100% asymmetrically dimethylated (Arg 256 , Arg 258 , Arg 268 , Arg 296 , and Arg 299 ). In addition, Arg 303 was partially (33%) asymmetrically dimethylated and Arg 287 was monomethylated to a low extent (10%). Dimethylated Arg 296 and Arg 299 have been detected earlier; however, the asymmetric state and the quantitative distribution of methylation were not described (64) . An earlier comparison of 20 mapped sites of asymmetric dimethyl arginines revealed a preferred amino acid consensus: (G/F)GGRGG(G/F) with the C-terminal-flanking glycine considered obligatory (36) . All completely dimethylated arginines identified here have either one (Arg 256 ) or two (Arg 258 , Arg 268 , Arg 296 , or Arg 299 ) C-terminal-flanking glycine residues. The partially monomethylated Arg 287 is followed by a C-terminal flanking glycine and the partially dimethylated Arg 303 by an alanine. It is conceivable that partial methylation occurs because these residues are in close proximity to a cluster of preferred substrate sites. Of all the 36 arginine residues present in hnRNP K, only Arg 409 could not be analyzed. However, it is unlikely that this arginine is methylated, because the substitution variant hnRNP K 5RG was not methylated.
We identified PRMT1 as the only enzyme responsible for hnRNP K methylation in vitro using fractionation of HeLa cell extract, recombinant PRMTs, and extracts of ES cells with a homozygous deletion of the prmt1 gene (ES(Ϫ/Ϫ) cells). Metabolic labeling of ES(ϩ/ϩ) and ES(Ϫ/Ϫ) cells confirmed that specifically PRMT1 acts on hnRNP K in vivo. PRMT1 is the major methyltransferase catalyzing asymmetric arginine dimethylation in mammalian cells (16) . The crystal structure of the PRMT1 core revealed a homodimeric structure. Dimerization is required for SAM binding and thus for catalytic activity (56) . Dimers associate to larger oligomers (6, 56) . We found that the activity of GST-PRMT1 is significantly reduced compared with His-PRMT1, possibly due to an interference of the GST tag with dimer or oligomer formation.
Type I PRMTs have not been purified to homogeneity so far, and it remains unknown whether the catalytic polypeptides are associated with additional subunits, as it has been found for the type II enzyme 1 and 4) or the precipitation products from ES(ϩ/ϩ) (lanes 2 and 3) or (Ϫ/Ϫ) cells (lanes 5 and 6) were resolved on a 12% SDS-PAGE and analyzed by Western blotting (upper panel) or in a Northwestern blot assay with 32 P-labeled DICE (lower panel).
FIGURE 7.
Arginine methylation of hnRNP K does not influence its cellular localization. A, nuclear localization of hnRNP K in ES(ϩ/ϩ) and ES(Ϫ/Ϫ) cells was determined by immunofluorescence using an hnRNP K antibody and a Cy3-coupled secondary antibody. 4Ј,6-Diamidino-2-phenylindole (DAPI) and ␣-tubulin (fluorescein isothiocyanate) staining were used to determine the nuclear and cytoplasmic compartment. B, HeLa cells were cotransfected with GFP-hnRNP K or GFP-hnRNP K 5RG in the absence or presence of PRMT1. HnRNP K and hnRNP K 5RG were determined by GFP fluorescence (pseudocolored) and PRMT1 using a PRMT1 antibody and a Cy5-coupled secondary antibody. 4Ј,6-Diamidino-2-phenylindole and a-tubulin (Cy3) staining were used to determine the nuclear and cytoplasmic compartment.
PRMT5 (24) . However, the finding that hnRNP K was methylated with similar efficiencies in HeLa cell extract and by a comparable amount of His-PRMT1 strongly indicates that no additional cofactor or activator of PRMT1 is required for methylation of hnRNP K. We determined a K m of 0.25 M for the methylation of hnRNP K by His-PRMT1. Previously, with a partially purified methyltransferase from rat liver, which probably contained mainly PRMT1, a K m of 0.54 M was found for the methylation of hnRNP A1 (65) . Arginine methylation of the yeast RNA-binding protein Npl3 has been shown to reduce its self-association (66) . Interestingly, immunoprecipitation from the ES(Ϫ/Ϫ) cells showed a strong tendency of proteins to aggregate and/or nonspecifically associate with protein-A beads in a nonspecific, antibody-independent manner. Thus, arginine methylation may generally promote correct protein folding or increase solubility.
In contrast to protein-protein interaction, the interaction of RNAbinding proteins like mammalian PABPN1 and yeast Hrp1p with RNA is not affected by arginine methylation (55, 67) . This is consistent with our results showing that arginine methylation of hnRNP K does not influence its DICE binding activity. Equal amounts of RNA affinitypurified hnRNP K from reticulocyte lysate, which contains PRMT1 and shows methylation activity (data not shown, this study), or expressed in E. coli had a similar translation inhibitory activity (46) . The mammalian RNA-binding proteins hnRNP A2 and Sam68, both targets of PRMT1, accumulate in the cytoplasm in the presence of methylation inhibitors (37, 38) . In ES(Ϫ/Ϫ) cells we could not observe an effect on hnRNP K localization. In contrast, serine phosphorylation by Erk drives the cytoplasmic accumulation of hnRNP K (43) .
HnRNP K contains three proline-rich domains, which interact with the SH3 domain of c-Src (49 -51), leading to c-Src activation and phosphorylation of hnRNP K (48). The five methylated arginines are located adjacent to the three proline-rich regions. As a result of hnRNP K arginine dimethylation, its association with c-Src is diminished, which leads to a reduced activation of c-Src and results in a reduced tyrosine phosphorylation of hnRNP K. The mechanism by which arginine dimethylation interferes with the binding of Pro-Arg-rich polypeptides to SH3 domains is unknown. In the case of the RNA-binding protein Sam68, arginine methylation of RG repeats within proline-rich domains selectively modulates the interaction with the SH3 domain of the tyrosine kinase Src-family tyrosine kinase, but not with the WW domain of forming binding protein 30 in vitro (68) .
According to our current model, synthesis of r15-LOX, the enzyme which participates in mitochondria degradation, is repressed in early stages of erythroid differentiation. It becomes derepressed in mature reticulocytes upon activation of c-Src by hnRNP K and subsequent hnRNP K phosphorylation. Tyrosine phosphorylation of hnRNP K results in a loss of DICE-binding activity and translation activation (48, 69) . The results of our study imply that arginine methylation of hnRNP K could prevent premature activation of c-Src and, thereby, may restrain tyrosine phosphorylation of hnRNP K until r15-LOX mRNA translation is required.
To date, there is no red blood cell line that can be induced to differentiate to the state where nuclear exclusion and degradation of mitochondria can be detected quantitatively, and thus translation control by hnRNP K cannot be recapitulated in an appropriate cell system at present. However, from the analysis of cytoplasmic extracts of rabbit erythroid cells, we know that hnRNP K, PRMT1, and c-Src are co-expressed at different maturation stages. 4 Therefore, arginine methylation of hnRNP K by PRMT1 is likely to function as a modulator for the transition of c-Src from its kinase-inactive to the active state catalyzing tyrosine phosphorylation of hnRNP K. 
